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Abstract

Isotopic compositions are referred to as anomalous if the isotopic ratios measured cannot be
related to the terrestrial (solar) composition of a given element. While small effects close to the
resolution of mass spectrometric techniques can have ambiguous origins, the discovery of large
isotopic anomalies in inclusions and grains from primitive meteorites suggests that material from
distinct sites of stellar nucleosynthesis has been preserved. Refractory inclusions, which are
predominantly composed of the refractory oxides of Al, Ca, Ti, and Mg, in chondritic meteorites
commonly have excesses in the heaviest isotopes of Ca, Ti, and Cr which are inferred to have
been produced in a supernova. Refractory inclusions also contain excess “*Mg from short lived
%Al decay, However, despite the isotopic anomalies indicating the preservation of distinct nucleo-
synthetic sites, refractory inclusions have been processed in the solar system and are not interstel-
lar grains. Carbon (graphite and diamond) and silicon carbide grains from the same meteorites
also have large isotopic anomalies but these phases are not stable in the oxidized solar nebula
which suggests that they are presolar and formed in the circumstellar atmospheres of carbon-rich
stars. Diamond has a characteristic signature enriched in the lightest and heaviest isotopes of Xe,
and graphite shows a wide range in C isotopic compositions. SiC commonly has C and N
isotopic signatures which are characteristic of H-burning in the C-N-O cycle in low-mass stars.
Heavier elements such as Si, Ti, Xe, Ba, and Nd, carry an isotopic signature of the s-process. A
minor population of SiC (known as Grains X, ca. 1 %) are distinct in having decay products of
short lived isotopes Al (now *Mg), *Ti (now *Ca), and *V {now *Ti), as well as *Si excesses
which are characteristic of supernova nucleosynthesis. The preservation of these isotopic anoma-

lies allows the examination of detailed nucleosynthetic pathways in stars.

Introduction

The study of isotopic anomalies in meteorites offers a
direct image of nucleosynthesis in stars and the pro-
cesses by which dust is dispersed into the interstellar
medium. The solar system is composed of a mixture of
a variety of nucleosynthetic sources which were homog-
enized during the solar nebula and further during plan-
etary formation. lsotopic abundances on Earth are af-
fected only by radioactive decay and by the relatively
small fractionations caused by the differences in the
masses of the isotopes during kinetic processes. The
largest fractionations are found in H (which has the larg-
est mass difference between two isotopes) and fraction-
ation effects become smaller with increasing mass.
However, in different nucleosynthetic environments in
stars, there are large (orders of magnitude) variations in
isotopic production rates. The preservation of material
from these distinct environments results in grains with
diverse isotopic compositions.

The measurement of isotopic compositions generally
involves the measurement of a ratio of one isotope to
another in a mass spectrometer, For an element with
more than three isotopes, an isotopic composition is said
to be anomalous if it cannot be related to the terrestrial
(and by inference solar) composition through a mass
fractionation law that describes the behaviour of the
isotopes in physicochemical processes including the
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measurement process itself. A mass fractionation correc-
tion can be achieved by using one isotopic ratio to deter-
mine the fractionation and then removing that degree of
fractionation from the other isotopic ratio(s). A frac-
tional deviation of a fractionation-corrected ratio is often
reported such that a deviation of zero is normal, positive
indicates the ratio exceeds normal and negative indi-
cates it is below normal. For an element with only two
isotopes, a mass fractionation correction is not possible
and the isotopic ratio is said to be anomalous if it ex-
ceeds the range of that ratio typically found on Earth.

A wide variety of mass spectrometers have been used
in analyzing isotopic compositions of meteoritic phases.
Gas and solid-source mass spectrometers require
mutigrain samples to achieve sufficient signal for a pre-
cise analysis but have clearly characterized various min-
eralogical grain types (diamond, silicon carbide, graph-
ite) as highly anomalous. But perhaps the most telling
information is coming from ion microprobe analysis
which allows the measurement of single grains (to sub-
micron sizes) for a number of elements and isotopic sys-
tems which can then be related to distinct astrophysical
settings.

This paper gives a brief introduction to nucleosynthe-
sis in stars, gives an overview of some of the isotopically
anomalous extraterrestrial grains found so far, and re-
lates these to some distinct astrophysical settings which
are possible sites for grain formation. It is not intended
to be comprehensive review of all knowledge of the iso-
topic systematics of extraterrestrial grains but has been
written to give a more general outline of the field along
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with some illustrative examples. More detailed reviews
and information can be found in Lee (1988) and Clayton
et al. (1988) for isotopic systematics of refractory inclu-
sions, and Anders & Zinner (1993) and Ott (1993) for
interstellar grains. The role of ion microprobe mass
spectrometry in these fields has been reviewed by lre-
land (1995).

Nucleosynthesis

Apart from 'H, *H, SHe, *He and 7Li which were
formed in Big Bang nucleosynthesis, all other nuclides
were produced, and are being produced, in nuclear re-
actions predominantly in stars, but also in circumstellar
environments and the interstellar medium. In light of
the abundance curve of the nuclides (Fig 1), Burbidge et al.
(1957) specified 8 modes of nucleosynthesis that could
account for its features. The two fundamental thermo-
nuclear reactions driving stars are H-burning and He-burning.
Upon exhaustion of the H, the star contracts under its
own gravity and if the star has sufficient mass, He will
ignite and burn to form C and O. Reactions involving
the successive addition of « particles (a-process) to nuclei
heavier than *Ne result in four-structure nuclei (*Mg,
*S5, 5 *Ar, “Ca, and possibly *Ca) at higher abun-
dances than their neighbours. For a massive star,
nucleosynthesis can proceed up to the mass region of
the iron group of elements where the nuclear binding
energy is at a maximum per nucleon and no further
energy can be released by fusion. At this stage, nuclear
statistical equilibrium (e-process) is achieved in the reac-
tions and leads to a build-up of Fe-group-element abun-
dances. The low-abundance nuclides “Li, “Be, and B
and "B are unstable in stellar interiors and require for-
mation in low temperature environments. The forma-
tion of these elements was assigned to the x-process (x
for unknown) which is probably largely due to spalla-
tion. Burbidge et al. (1957) also used the x-process to
explain the abundance of D, but this is now assigned to
the Big Bang.

Elements heavier than the Fe group are mainly pro-
duced in neutron-capture reactions. In the s-process, the
addition of neutrons is slow relative to the likelihood of
a B decay, whereas in the r-process the addition of neu-
trons happens on a rapid time-scale and very neutron-
rich nuclei can result. The s-process occurs in asymp-
totic giant branch (AGB) stars undergoing core He burn-
ing where neutrons are released through reactions such
as PC(a,n)*0 or “Ne(w,n)*Mg. The r-process requires a
large neutron flux and it is likely to be related to super-
novae. Low abundance nuclei on the low mass side of
the valley of stability (i.e. neutron-poor isotopes) are re-
ferred to as p-process nuclides and these have probably
formed by photonuclear reactions, also in supernovae.

A supernova of Type Il occurs when a massive star
has consumed most of its nuclear fuel. At this stage it
has an Fe-rich core and is surrounded by layers still
burning the remnants of its fuel. Upon near exhaustion
of this fuel, the star can no longer support itself gravita-
tionally and it implodes. The rebound shock wave gjects
the outer layers while the material inside the mass cut
collapses into a degenerate neutron star or pulsar. No-
vae and supernovae of Type | involve binary stars with
a white dwarf left after the AGB phase. A nova can
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occur if the white dwarf accretes more than 107 solar
masses of H from its companion resulting in explosive
H burning. If the accreting white dwarf eventually ex-
ceeds the Chandrasekhar limit (1.4 M_ ) then the star
collapses and explodes as a Type la supernova.

The evolution and ultimate state of a star is governed
primarily by two parameters, metallicity and mass. The
metallicity of a star is the proportion of elements heavier
than H and He and it affects nucleosynthesis in that
heavier elements can act as seeds for more energetic re-
actions. The mass of the star limits the ultimate tempera-
ture and pressure in the stellar core. For a star less than
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Figure 1. The solar abundances are an average of a number of
different nucleosynthetic sites. Burbidge ef al. (1957} first de-
scribed the features of the nudlidic abundance curve in terms of
eight discrete stellar processes and with only a little refinement
the principal tenants are still applicable. H-Burning and He-burn-
ing are the fundamental thermonuclear reactions driving stars
converting H to He and He to C and O. The relatively high
abundances of nuclei in the mass range 20 - 40 with mass num-
bers divisible by 4 (i.c. "Ne, *Mg, ¥Si, S, *Ar, *Ca) are due to
progressive addition of «-particles (a-process). Stars more mas-
sive than 9 M_ can ignite the C,O-rich core left after He burn-
ing and for the most massive stars nucleosynthesis can proceed
to equilibrium burning (e-process) at the iron abundance peak.
The s- and r-processes refer to progressive addition of neutrons
at slow (s-process) and rapid (r-process) rates with respect to the
competing B decays. Note the peaks in abundance of s- and -
process nuclei around magic number nuclei (N=50, 82, and 126).
Low-abundance neutron-poor nucler are likely due to photo-
nuclear reactions (p-process). Finally the abundances of the light,
low-abundance elements Li, Be, B as well as D, were attributed
to an unknown process (x-process). Deuterium is now attributed
to Big Bang production and the abundances of Li, Be, and B are
likely from spallation of heavier nuclei.
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9 M, no nucleosynthesis bevond He-burning occurs
and the star decays into a white dwarf. Heavier stars can
ignite the C-O core and reactions proceed to build
heavier nuclei (up to *Fe) with the heaviest stars eventu-
ally exploding in Type Il supernovae. In the chemical
evolution of the galaxy, material is ejected from a dying
star to become available for the next generation. Super-
novae are extremely efficient at getting a large mass of
matter into the interstellar medium, but these events are
uncommon since they only occur in the heaviest stars (1
event per 50 years per galaxy producing 2 M_ = 0.04
M, yr'). Most material ejected into the interstellar me-
dium comes from the winds of AGB stars and ensuing
planetary nebula (1 yr! producing 0.3 M_, =03 M_ yr).
Novae are more frequent but produce far less material
(30 yr' producing 10* M_ = 0.003 M_ yr"; Truran
1993).

Winds carry material away from the star surface into
the circumstellar environment where it condenses into
grains, and these grains continue to move away from
the star and may be entrained into molecular clouds to
form the next generation of stars. In this way, our solar
system was formed in a molecular cloud that had contri-
butions from a large number of stars of different genera-
tions.

solar

Isotopic anomalies

Isotopic anomalies were first discovered for the noble
gases Ne and Xe from chondritic meteorites (Reynolds
& Turner 1964; Black & Pepin 1969). However, the sys-
tematics of the noble gases were poorly understood and
an origin from within the solar system from radiogenic
decay of transuranic nuclides and fission could not be
dismissed. Furthermore, in the 1960s the current para-
digm on the evolution of the solar nebula was that it
attained sufficiently high temperatures to volatilize most
if not all of the interstellar dust falling into it and there-
fore all isotopic heterogeneity had been removed
(Cameron 1962). The discovery of isotopic variations in
O, the most abundant lithophile element in the solar
system quickly changed the situation (Clayton et al.
1973).

Refractory Inclusions

The oxygen anomalies, excesses in *QO of up to 5 %,
were discovered in refractory inclusions from the
Allende carbonaceous chondrite. These inclusions are
composed of refractory oxides that would condense
from a cooling gas of solar composition, and the Allende
inclusions commonly include the minerals spinel
MgALO, melilite Ca,ALSiO, - Ca,MgS5i,0,, pyroxene
CaMgSi,0,, and perovskite CaTiO,. Refractory trace ele-
ments are enriched in these inclusions at approximately
20 times that found in bulk carbonaceous chondrites in-
dicating that the refractory inclusions could have con-
densed as the first 5 % of solar material. These character-
istics suggested that refractory inclusions would be the
best place for a search for isotopic anomalies since these
early-formed solids may have crystallized before all iso-
topic heterogeneities were removed from the solar
nebula.
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With the discovery of oxygen isotopic anomalies, the
race was on to find further isotopic effects. Magnesium
isotopic abundances were found to give excesses and
deficits in *Mg after correcting for mass-dependent frac-
tionation (Gray & Compston 1974; Lee & Papanastassiou
1974), but large excesses of *Mg which were correlated
with Al/Mg in a number of phases from a single refrac-
tory inclusion established the presence of short lived *Al
in the early solar system (Lee et al. 1977). Excess *Mg
(ie. extinct ®Al) is commonly present in refractory in-
clusions at a maximum level of 510° 7Al

During the final stages of hydrostatic burning in a
massive star, the Fe-group elements form under quasi-
equilibrium conditions since binding energy per nucleon
is at a maximum. However, during the supernova the
isotopic compositions of the Fe group elements could be
affected by large changes in the physical conditions of
nucleosynthesis. Furthermore, titanium, on the wing of
the Fe abundance peak, is highly refractory and concen-
trated in the inclusions. Titanium isotopic anomalies
were first discovered as a 0.1 %, or 1 %., enhancement in
%Ti, a very small effect barely resolvable at that time
(Heydegger et al. 1979). Soon, however, titanium isoto-
pic anomalies became regarded as being ubiquitous in
refractory inclusions (Niemeyer & Lugmair, 1981). Fur-
ther developments in mass spectrometry revealed effects
in other Fe-group elements including excesses of *Ca
(Jungck et al. 1984), and *Cr (Birck & Allégre, 1984).
The common feature of these anomalies is that they oc-
cur in the heaviest nuclides of each element and hence
suggest a common nucleosynthetic component is re-
sponsible. These excesses in #Ca, ™Ti, and *Cr were
successfully modelled as the products of explosive
nucleosynthesis around a supernova whereby reactions
in the ejecta resulted in neutron-rich compositions
(Hartmann et al. 1985). Coincidentally, a supernova had
earlier been proposed not only as the source for 'O and
*Al but also as a trigger for the collapse of the molecu-
lar cloud into the solar system (Cameron & Truran
1977).

Refractory inclusions are also found in other meteor-
ites besides Allende, and in particular the refractory in-
clusions of CM meteorites such as Murchison and
Murray contain corundum AlLO, and hibonite CaAl ,O,,.
The presence of these minerals with even higher con-
densation temperatures than the assemblages of the
Allende inclusions suggested that these might contain
even larger isotopic anomalies. However, the CM inclu-
sions were very small, seldom over 0.2 mm. The mass
spectrometry of the Allende inclusions involved chemi-
cal separation of the elements of interest and then load-
ing the separate onto a filament which was heated to a
temperature sufficient to ionize the element. With such
small samples from Murchison, the prospect of conven-
tional thermal ionization mass spectrometry was not
good. However, ion microprobes were beginning to be
utilized in the search for isotopic anomalies and the
small CM inclusions were an ideal place to start. The
ion microprobe utilizes a focussed primary beam of O
or Cs* ions to sputter away the sample. Sputtering with
an energetic ion beam results in a small fraction of the
ejected atoms being ionized and these can be extracted
and passed to a mass analyzer. The benefit of ion probe
analysis is that a single inclusion can be analyzed for a
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Figure 2. Ca and Ti isotopic compositions in hibonite (Ca[AlMgTi],,0,,) inclusions display a large range
from excesses in the most neutron rich isotopes to deficits while the other isotopes are close to solar
proportions (defined as deviations, 8Ca or 8Ti, in %.). The most anomalous grains are both from the
Murchison meteorite, 13-13 (Ireland 1990) and BB-5 (Hinton et al. 1987) which have large excesses and
large depletions respectively in *Ca and *Ti (insets). The *Ca and ¥Ti anomalies are clearly correlated
and are inferred to come from neutron-rich supernova ejecta.

variety of elements while maintaining the petrographic
context.

Titanium isotopic analyses of hibonite-bearing inclu-
sions quickly established the highly anomalous charac-
teristics of these grains (Fahey et al. 1985; Ireland et al.
1985; Hinton et al. 1987) with anomalies more than an
order of magnitude larger than those found in Allende.
Both excesses and deficits were discovered in *Ti, and
the excesses or deficits in *Ti were correlated with *Ca
(Fig 2; Zinner ef al. 1986; Ireland 1990). While the
excesses in these isotopes are consistent with the addi-
tion of neutron-rich material, deficits are not so readily
interpretable. Hinton et al. (1987) proposed that the
deficits were due to the solar system being initially de-
pleted in these neutron-rich isotopes and that the solar
system received a late injection of supernova ejecta
which included O and *Al. However, oxygen isotopic
analyses revealed that all hibonite inclusions were
enriched in O relative to terrestrial by 4 to 7 % (Fahey
et al. 1987; Ireland ¢t al. 1992) precluding a scenario that
includes a solar system initially depleted in *O. Magne-
sium isotopic compositions of the hibonite grains were
split between inclusions that have *Al/7Al at the ca-
nonical solar system value of 5 10° and inclusions that
were below 107

Surprisingly, a number of morphological, chemical,
and isotopic features are found to be correlated in
Murchison refractory inclusions. Most of the hibonite
inclusions can be divided into two types, single hibonite
crystal fragments with low TiO, concentrations (<2.5
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wt%), and hibonite-spinel inclusions with high TiO,
concentrations {3 - 9 wt%). Most of the crystal frag-
ments show smooth REE patterns with depletions in the
more volatile REE Eu and Yb while the spinel hibonite
inclusions most commonly have ultrarefractory-REE-de-
pleted patterns. Besides the clear correlation in *Ca and
*Ti anomalies, it has been noted (Clayton ef al. 1988)
that no inclusion with a large *Ti anomaly also has ex-
cess ®Mg (at 5 10%), and those inclusions that have
anomalies in the ultrarefractory elements of their REE
patterns do have excess Mg unless they have a Ti isoto-
pic anomaly (Ireland 1990). These correlations and asso-
ciations clearly indicate that nucleosynthetic anomalies
have survived through discrete inclusion-forming events
in the early solar system.

But, despite containing isotopically anomalous mate-
rial, refractory inclusions are not interstellar grains.
They are too large and do not preserve the effects ex-
pected of solids exposed to travel in the interstellar me-
dium.

Presolar carbon and carbides

The progressive isolation of isotopically distinct noble
gas components finally led to the isolation of presolar
grains in the laboratory (Fig 3). The main processing
involves the acid dissolution of solar system material
with further concentration based on other physical prop-
erties such as density. 1t is therefore no surprise that the
first interstellar grains identified are all carbon com-
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pounds that are resistant to acid attack. These com-
pounds are inferred to be of presolar origin because car-
bon compounds such as diamond, graphite, and SiC are
unstable in the solar nebula and the grains contain mate-
rial that is isotopically anomalous in the extreme.

Xe - HL: diamond

(IXe/130Xe)/solar

(Xe/130Xe)/solar

1 1 P r 1 1 1 1
124 126 128 130 132 134 13
Xe isotope

0.0

Figure 3. Progressive enrichment of these isotopically exotic Xe
components led to the discovery of interstellar diamond and SiC.
Interstellar graphite was discovered through isolation of a nearly
pure component of *Ne. The light and heavy components of Xe-
HL cannot be produced in the same nucleosynthetic event and
are probably the result of mixing (Huss & Lewis 1994). The Xe-5
component from SiC reflects a mixture between the composition
produced in s-process nucleosynthesis and a near-normal com-
ponent (Lewis et al. 1994).

Diamond was the first type of presolar grain recog-
nized and has the highest abundance at 400 ppm by
weight of bulk meteorite (Lewis et al. 1987). The dia-
monds have an average size of only 2 nm and a charac-
teristic enrichment of the heavy and light isotopes of Xe
(Fig 3). The small size of the diamonds means that the
individual grains contain only a few hundred atoms and
the chemical properties are dominated by the bonds on
the surface (Bernatowicz et al. 1990). 1t remains unclear
as to how the Xe atoms are located in the diamonds but
the concentration levels require that there be only one
Xe atom per million diamond grains. One mechanism
proposed involves ion implantation of the Xe atoms, but
the low concentrations of other elements neighbouring
Xe in the periodic table is contrary to that expected. The
exact formation environment/mechanism of the dia-
monds remains enigmatic. The diamonds may have
been produced in shock waves from supernovae passing
through molecular clouds or from chemical vapour
deposition because the free energy difference between
diamond and graphite is only 1kcal/mol. Support for
this theory comes from the near-normal "'C/VC ratios in

14N/15N
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the diamonds (Fig 4), although a much larger amount of
graphite should have been preserved in the meteorites
in these scenarios.
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Figure 4. C and N isotopic compositions of presolar diamond,
graphite, and silicon carbide. The range of C and N isotopic
compositions from these grains is so large that the data is dis-
played on a plot of the logarithm of the ratios. Diamond has a
composition close to solar (origin), while silicon carbide (squares)
and graphite (open circles) show large variations. Most SiC oc-
curs in the CNO-cycle quadrant but a suite of grains known as
Grains X, which comprise ca. 1 % of SiC analyzed, have highly
unusual characteristics and are plotted with a crossed square.
These Grains X have other unusual isotopic characteristics as
shown in Figures 5 and 6. Data from Hoppe et al. (1994) and
Amari et al. (1990).

Silicon carbide was first identified from the Murray
CM meteorite by Bernatowicz et al. (1987). 1t is perhaps
the most fruitful of the presolar grains since it contains
reasonably high concentrations of a number of trace ele-
ments and is still reasonably abundant (= 6 ppm). Indi-
vidual grains range in size from <0.2 to around 20 pm
allowing ion microprobe analysis of single grains for a
variety of elements (see for example Hoppe et al. 1994).
Ion microprobe analysis of both individual grains and
bulk SiC indicated large isotopic anomalies in a number
of elements, e.g. Si, C, N, Mg, Ti, Ba, Nd, and Sm
(Bernatowicz et al. 1987; Ireland et al. 1991; Zinner et al.
1987, 1989, 1991a,b). The mainstream SiC grains show
2C and N enrichments (Fig 4) consistent with a mix-
ture of CNO-cycle material with isotopically normal C
and N. Most of the heavier elements analyzed from SiC
qualitatively show the effects of the s-process with Si
isotopic compositions enriched in #Si and “Si (Fig 5), Ti
isotopic compositions enriched in the minor isotopes
relative to *Ti (Fig 6), and s-process enrichments in
heavier elements such as Xe (Fig 3), Ba, Nd, and Sm.
These grains are likely to have formed around C-rich
AGB stars and dispersed into the interstellar medium by
the strong outflows from these stars. However, there
are discrepancies in detail between the predicted and
measured abundances. For example, the best-tit line
passing through the mainstream SiC Si-isotope data has
a slope of 1.3 (Fig 5) which differs from the theoretical
value of ca. 0.35 for s-process nucleosynthesis.
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Figure 5. Si isotopic compositions of SiC grains. Most grains
show elevated ¥Si/*Si and *Si/®Si ratios relative to terrestrial
by up to 200 %.. The enrichment of **Si and *Si can be ascribed
to an s-process however the correlation in the *Si/*Si and *Si/
%Si ratios indicates a slope of 1.3 which does not agree with the
predicted value of 0.35 for s-process nucleosynthesis. Grains X
have 51/%Si and ¥Si/%Si ratios below terrestrial (negative delta
values) and are inferred to have elevated #Si abundances which
is characteristic of formation in supernova ejecta. Data from
Hoppe et al. (1994).
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Figure 6. Ca and Ti isotopic compositions in SiC. Mainstream
SiC grains have Ti isotopic compositions (a) that show enrich-
ments in all isotopes relative to *Ti producing a characteristic V-
shaped pattern. Ca isotopic compositions of mainstream SiC (b)
show no large non-linear effects. Grains X on the other hand,
have Ti isotopic compositions enriched in *Ti and one grain
shows a large enrichment of *Ca. These anomalies are inferred
to be due to the decay of *V and *Ti which are produced vnly in
supernovae. Data from lreland et al. (1991), Amari et al. (1992),
and unpublished observations.
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A minor fraction of the SiC grains (ca. 1 %) show *C
and "N enrichments as well as excesses of the decay
products of short-lived radionuclides (Fig 6) such as *Al
(now *Mg), ¥Ti (now *Ca), and *V (now *Ti). It ap-
pears that these short-lived nuclides are only produced
together in supernovae and so Grains X may represent
material from the C-rich zones in the outer layers of a
presupernova star (Amari et al. 1992).

Graphite represents less than 2 ppm (by wt) of mete-
orite and of this material only a fraction is isotopically
anomalous (Amari et al. 1990). Graphite spherules (1 to
10 pm in diameter) show a similar extreme range in C
isotopic compositions as that found for SiC, but isotopi-
cally light compositions are more commonly found. Ni-
trogen is only present at very low levels (cf. nearly 1 %
in SiC) and so the lack of large anomalies in this element
may not reflect the intrinsic composition. The graphite
structure does not allow trace-element substitution to
the same degree as SiC but the graphite spherules have
been found to contain very small inclusions of refractory
carbides of elements such as Si, Ti, Zr, Mo, and W
(Bernatowicz et al. 1991). It is interesting to note that
production of Zr, in particular, is characteristic of the s-
process suggesting that at least a fraction of the graphite
grains also come from AGB stars.

Interstellar oxides

The isolation of presolar carbon-bearing compounds
was aided by their resistance to acid attack and so de-
struction of all the silicates and oxides in the meteorites
leads to increasing concentration of these grains. How-
ever, our solar system is clearly not derived predomi-
nantly from C-rich stars but has a predominantly O-rich
parentage. Most interstellar grains coming into the so-
lar nebula must therefore be oxides but their isolation
requires separation from isotopically normal solar
nebula oxides which have largely the same physical
properties. Nevertheless, interstellar corundum grains
have been identified using similar techniques to those
used in the isolation of the carbides (Hutcheon et al.
1994). Several grains with extreme enrichments of *Mg
and YO and s-process Ti anomalies have been discov-
ered, suggesting a source from O-rich AGB stars. How-
ever, the abundance of the corundum grains is far lower
than the carbon-bearing grains suggesting that the dust
in the solar nebula was predominantly in the form of
silicate rather than oxide.

The stars revisited

lIsotopic anomalies direct from the sites of stellar
nucleosynthesis are preserved in solar system materials.
Refractory inclusions preserve their isotopic anomalies
despite being processed in the solar nebula, but both the
chemistry and isotopic systematics of carbide grains sug-
gest that they have presolar connections. Local chemical
fluctuations allowing carbon or carbides to condense could
be envisaged in the solar nebula and so their chemical
instability, while supporting an exotic origin, does not
preclude formation in the solar system. However, the
presence of extreme isotopic anomalies in the presolar
grains is the strongest indicator that they have a stellar
parentage not related to our Sun. Moreover, the *C/"2C
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ratios measured from SiC and graphite show a similar
range and abundance pattern to that measured in car-
bon stars (see Anders & Zinner 1993).

Matching isotopic characteristics with a certain class
of star is not straightforward, nor in general does a
unique classification become apparent. Clearly, inter-
stellar grains must be derived from stars with strong
outflow winds or that have undergone some form of
explosion to distribute material into the interstellar me-
dium. The main contributor to the SiC and graphite
abundances appears to be AGB stars. Perhaps this is not
surprising since these stars are common, have strong
outflow winds, and hence contribute a large amount of
material to the interstellar medium. A small fraction of
the SiC grains appears to have been produced in a su-
pernova. It also appears that Fe-group anomalies in
refractory inclusions can be related to supernova nucleo-
synthesis but their isotopic characteristics appear quite
different to those in the Grains X. Specifically, Ti from
refractory inclusions is anomalous in *Ti (and to a lesser
extent *Ti) which is related to a neutron-rich equilib-
rium process. On the other hand, Ti in grains X has a
smooth pattern except for *Ti anomalies that are related
to ¥V decay. Thus, Ti in the refractory inclusions ap-
pears to come from close to the mass cut of a supernova
while Ti in Grains X is probably derived from the outer
layers of a supernova.

A range of nucleosynthetic sites is now available for
study in the laboratory and detailed nucleosynthetic calcu-
lations can now be compared with actual compositions. In
large part, the agreement is quite acceptable at least
qualitatively. For example, the predicted s-process com-
positions of the elements Xe, Ba, and Nd is in good
agreement with the theoretical production. There are
differences however that cannot be explained at the
present time such as the slope of the Si correlation and
the correlation between Si and Ti isotopes in mainstream
SiC. Measurements of a wider range of elements and
refinement of calculations will hopefully yield better in-
sights into the nucleosynthetic conditions and evolution
of stars responsible for the presolar dust grains.
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